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This research is aimed on developing a multi-robot testbed with high flexibility 
and adaptability. Motivated by the needs of an experiment platform to test or 
simulate the behaviors of different multi-robot formation control theories, a 
testbed with two different platforms is constructed. They are the wheeled robot 
platform and the levitated robot platform. The levitated robot platform of our 
testbed is designed to simulate frictionless condition. For convenience of 
experiments, an air table with duty rate of nearly 100% is utilized in robot lifting. 
A layer concept is implemented in the robot design such that the features of robots 
are exchangeable for any platforms. In addition, robots with local sensing, local 
communicating and self-computing abilities are designed for both centralized and 
decentralized robot control architectures. With a basic behavior-based method, on 
the wheeled robots platform, a formation could be established. In the motion 
experiment of the formation, although the shape of formation could be maintained, 
it was unstable i f the leading robot moves too fast. For the levitated robot, the 
experiments on robot position maintaining in frictionless environment is not as 
successful at the beginning. For better result in position detection and 
maintaining of the levitated robot, four different approaches in position detection 
are developed. They are the one reading approach, the three readings approach, 
the effective readings approach and the imaginary sensor approach. Finally, an 
accurate calibration method, imaginary sensor, in position detection is achieved. 
This approach provides a more accurate result with limited number of sensor. 
Different from other approaches, the imaginary sensor approach can also be 
utilized in both distance and direction detection. With the new position detection 
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Chapter 1 ： Introduction 
1.1 Motivation 
Multi-robot formation establishment and maintenance is an active research area in 
robotics recently ([8], [9], [19], [37] and [38]). There is a wide range of 
applications that involves the multi-vehicle formation control field, for examples, 
the formation flight ([16], [39] and [43]), the automated highway systems [34], 
satellite constellations [36], space exploration [14] and spacecraft formations [6]. 
Some of the earliest works on testing the formation maintaining behaviors on 
actual mobile robots were reported in [4]. Since then, various approaches have 
been proposed to achieve the global behaviors in a group of mobile robots. Such 
approaches include potential field methods [3], rigid formations [39], leader-
follower ([13] and [41]) and neural networks [23]. 
In the investigations of multi-robot formation maintenance systems, simulations 
of control theories are important to validate their behaviors and applicability in 
real cases. In contrast, development of hardware testbed is tedious. As a result, at 
the beginning stage, software simulation becomes popular for testing the 
performance of formation control theories. One of the software simulator 
examples is Stage ([20], [40]) which helps simulating a population of mobile 
robots, sensors and objects in a two-dimensional bitmapped environment. 
Software simulation is convenient. At the final stage of developing a formation 
maintenance control theory, however, experiments on actual robots is needed. 
Some researchers apply their theories on existing robot systems. As most of these 
robot systems are not designed for multi-robot formation control experiments, the 
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hardware may not be able to match their needs. To avoid this problem, many 
researchers develop their own special designed robot system for their theories [14]. 
However, to build up such a system is a time consuming work. In addition, some 
multi-vehicle formation control applications are not easy or even not possible to 
test in actual situations, for examples, satellite constellation and spacecrafts 
formation. Therefore, investigation and development of a high flexibility and 
adaptability multi-robot testbed for validating different control theories becomes a 
good topic to study. 
1.2 Background information 
1.2.1 Similar researches on testbed construction 
Some similar or related researches ([1], [12], [14] and [25]) have been started. In 
[14], a decentralized multi-robot system is investigated. The robots in this testbed 
have their own computing facilities. Centralized controller is not required. The 
Caltech Multi-Vehicle Wireless Testbed [12] is another research on constructing a 
multi-robot testbed. This testbed is using two-fans driven robots with no onboard 
sensing function. One of the main features of this testbed is the smooth plastic-
surfaced platform which highly decreases frictional force between the robots and 
the platform. In 2004, the second generation of such testbed is proposed in [25]. 
The testbed is changed to a hovercraft-liked platform. In 2002, a table-top 
experiment on formation alignment of three air-levitated robotic vehicles has been 
performed in [22]. 
1.2.2 Formation control theories 
Various approaches have been proposed to achieve formation maintenance of 
multi-robot system. These approaches can be mainly divided into three categories, 
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behavior-based approach ([3], [18], [27], [29] and [38])，leader-follower approach 
([31], [41] and [42]) and virtual structure approach ([6], [39] and [46]). 
A. Behavior-based approach 
The behavior-based approach is combining several goal-oriented behaviors of 
each robot for their assigned goals. Examples of such behaviors are avoiding 
obstacles, tracking nearest neighbors, maintaining a position in a formation, etc. 
The final response of the robots is derived from a weighting of the relative 
importance of these behaviors. The basic idea is to let each robot execute a simple 
algorithm iteratively. In each cycle, the robot computes its next location based on 
the given goal and the prescribed behaviors. 
B. Leader-follower approach 
In leader-follower approach, some robots are assigned as leaders while others are 
followers. The followers track the leaders' position and maintaining a fixed offset 
to the leaders. 
C. Virtual Structure approach 
In the virtual structure approach, the entire formation is considered as a single 
rigid structure. The control is divided into three steps. First, the desired dynamics 
of the entire formation is derived. Then, the motion of the virtual structure is 
translated into the motion of individual robots. Finally, controllers for each robot 
are derived. 
1.2.3 Robot control architectures 
The above listed three main approaches of formation control strategies, in terms of 
robot controlling in hardware, all three can be devised into operating as 
centralized systems ([6] and [39]) or Decentralized systems ([17], [28] and [43]). 
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A. Centralized robot controlling system 
In the centralized robot controlling systems, the robots are mainly controlled by a 
centralized station. A l l data sensed by robots or other external sensing 
components are transferred to the station for computing and analyzing. Actions of 
robots are commanded by the station. The robot itself has no computing ability. 
B. Decentralized robot controlling system 
In the decentralized robot controlling systems, robots have their own computing 
facilities. With local sensing and inter-robot communication abilities, robots in 
such systems are able to organize a formation without predetermined locations. In 
other words, they can work independent of the centralized station and to 
accomplish a task together. The control station is no longer a necessary member. 
Its role is now a monitor instead of a controller. The main task of the station is to 
issue high level commands to the robots. 
1.3 Basic design of our testbed 
Our objective is to investigate and develop a multi-robot testbed with high 
flexibility and adaptability for validating different control theories. The design of 
our testbed is based on the two types of robot controlling systems, centralized and 
decentralized systems. It is targeted that the testbed is suitable for behavior-based, 
leader-follower and virtual structure approaches. After considering the advantages 
and disadvantages of some related works, our testbed should have the following 
features: 
• Build-in computing device of robots 
• Sensors on robots for local sensing 
• Inter-robot and robot-station communication abilities 
• Exchangeable actuators for different platforms 
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• Exchangeable platforms e.g. wheeled robots on land, levitated robots on 
frictionless surface, etc. 
• Flexibility to adapt to in different control theories 
^ ^''orkir.g Area S 
Robot ^ ^ 1 
Figure 1.1 Primary design of the testbed 
With these concerns, a primary idea of the testbed is proposed. Figure 1.1 shows a 
model of the idea and the involved components. There are 3-5 robots running on 
the working area surface. The robots are used to simulate different multi-robot 
control theories. The robots can be divided in to teams and the team should work 
without losing their inter-robot cooperation. Each robot should have its own 
computing ability for both centralized and decentralized systems. More, the robot 
should have its own communication component for both inter-robot 
communication and robot-terminal communication. Also, as different control 
theories or formation applications have different needs of experimental platform, 
therefore the working area for the robots should be exchangeable. It could be a flat 
floor for wheeled robots or an air table for levitated robots. 
Besides the robots and the working area, there should be a control station (a 
computer) to give commands to and receives data from the robots. The control 
station can function as a data collecting and computational center for centralized 
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robot control systems. For decentralized, the control station can be switched to a 
monitor of the system for high-level commanding. 
1.4 The organization of this thesis 
This thesis is divided into six chapters, with Chapter 1 serving as the introduction. 
Chapter 2 reviews the related works about testbed construction, sensors and multi-
robot formation. Some present works on multi-robot testbed is discussed. Three 
common approaches of multi-robot formation maintaining, behavior-based, 
leader-follower and virtual structure, is also discussed. There is also a study on the 
definition of centralized and decentralized robot control architectures. Chapter 3 is 
focused on the design and experiment results of the wheeled robot platform while 
Chapter 4 is a discussion on levitated robot platform designing and the related 
experimental results. Chapter 5 discusses different approaches of position 
detection. An enhanced calibration method is also proposed in this chapter. 
Chapter 6 gives the conclusions of this thesis. In addition, some future 
development of this research is discussed. 
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Chapter 2 ： Literature Survey 
The multi-vehicle formation control can be applied in many applications such as 
formation flight ([16], [24] and [43]) and automated highway systems [34]. In 
addition to application on earth, formation maintenance is also applicable in space, 
including, satellite constellations [36], space exploration [14] and spacecraft 
formations [6]. 
Various approaches have been proposed to achieve the global behaviors in a 
group of mobile robots. Such approaches include potential field methods [3], rigid 
formations [39], leader-follower ([13], [41]) and neural networks [23], etc. Before 
the investigation of the testbed, a preliminary study of related works is need. This 
studying stage can be classified as two phases. The first phase is the study of 
existing multi-robot control methods. The second phase is studying similar 
researches on testbed construction. 
2.1 Similar researches on testbed construction 
There are some similar or related researches ([1], [12], [14] and [25]) that have 
been started. For example, in [14], a testbed with robots which communicate with 
each other and a desktop computer through radio communications is reported. In 
such testbed, each robot has its own local computing facilities,Figure 2.1. The 
robots work together to accomplish tasks. A centralized controller is not required 
but can be used to issue high level commands or exchange information with 
robots. The author named the testbed as the RISE network (Robotics in Space 
Exploration). 
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Figure 2.1 Photo of a single robot in the RISE network 
The Caltech Multi-Vehicle Wireless Testbed [12] is a research on constructing a 
multi-robot testbed for validating theoretical advances in multi-vehicle 
coordination and control, networked control system, real-time networking and 
high confidence distributed computation. This testbed is using two-fans driven 
robots with no onboard sensing function, see Figure 2.2. The working area of the 
system is a smooth plastic-surfaced platform. In 2004, the second generation of 
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Figure 2.2 Robot of the Caltech multi-vehicle wireless testbed 
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A table-top experiment on formation alignment of three air-levitated robotic 
vehicles has been performed in [22]. The experiment is aimed to demonstrate the 
feasibility of controlling multiple robotic vehicles to make them move in specified 
positions and orientations. Three Autonomous Vehicles levitated on air bearings 
and propelled horizontally by air jets locate each other optically and align 
themselves in an equilateral triangle. Figure 2.3 shows the three vehicles in 
equilateral triangle formation. The robots in this testbed utilizing implanted air 
chamber for levitating. This limited the duty time of the system to about 5-6 min. 
Discussion on how to levitate the robot wi l l be shown in section 4.1. 
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Figure 2.3 The three vehicles in equilateral triangle formation 
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2.2 Sensors for Distance Detection 
There are various devices that can be utilized for distance detection, for examples, 
ultrasonic, IR, laser, RF, etc. Comparing these devices, ultrasonic and IR sensors 
are simpler and relatively low-cost for distance detection [15]. Therefore, in the 
first stage, ultrasonic and IR sensors are considered to be applied in the testbed. 
2.2.1 IR Sensor 
The advantage of the IR sensors is fast reaction rate and stable. But the drawback 
is the short-range detection. Comparing to ultrasonic sensors, they have faster 
response time, narrower beam width, and lower cost. A survey on the use of IR 
sensors can be found in [2]. In [47], IR sensors are considerate as the only sensing 
modality, and used multiple intensity readings in the form of angular intensity 
scans for the differentiation and localization of objects. 
With narrower beam width, the intensity of the detected IR signal highly depends 
on the relative orientation of the emitter, the detector, and the surface. Besides, 
surface reflectance properties and the distance to the surface also the problem with 
the use of IR sensors for position estimation. As a result, single intensity readings 
are often not reliable enough to make sufficiently accurate range estimates since 
they are highly affected by the properties of the reflecting surface. 
As single intensity readings not providing sufficiently accurate information about 
an object's position and properties, the recognition capabilities of simple IR 
sensors have been underused in many applications. Although these devices are 
inexpensive, practical, and widely available, IR sensor is typically only used for 
detection of the presence or absence of objects in the environment for applications 
such as obstacle avoidance or counting [10], [35]. 
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2.2.1 Ultrasonic Sensor 
The advantage of ultrasonic sensors is application in long-range distance detection. 
It can provide a reliable source of distance detection. Ultrasonic sensors have 
wider beam-width and sensitive to specular surfaces [15]. These make it effective 
for object searching and obstacle avoiding. The disadvantages of ultrasonic are its 
slow reaction rate and the inability to discern objects within 0.5m. These limited 
the usage of sonar while performing tasks with short distances such as wall 
following and docking. [32] shows that for distance shorter than 40cm, there is a 
problem in recognizing the surrounding obstacles with ultrasonic sensors. 
2.3 Formation control theories 
To achieve formation maintenance of multi-robot system, various approaches, 
such as potential field methods, rigid formations, leader following, fuzzy logic 
neural networks, etc., have been proposed. These approaches are commonly 
divided into three categories, behavior-based approach, leader-follower approach 
and virtual structure approach. 
2.3.1 Behavior-based approach 
The behavior-based approach is to prescribe some goal-oriented behaviors of each 
robot. Examples of such behaviors are obstacles avoidance, collision avoidance, 
neighbors tracking, maintaining a position in a formation, etc. By combining the 
responses to these behaviors, a resultant response is achieved. This final response 
of the robots is derived from the weighted average of the relative importance of 
these behaviors. Every robot interacts with their nearest neighbors directly without 
commanded by a centralized controller. The basic idea is to let each robot execute 
a simple algorithm iteratively. In each cycle, the robot computes its next location 
based on the given goal and the prescribed behaviors. There are also many 
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variations on the behavior-based approach to multi-robot formation control. Most 
of which are derived by developing new weightings of the behaviors. 
General local algorithm for multi-robot formations is presented in ([17] and [18]). 
The ordering of robots in the formation is arranged by ID numbers which are 
broadcasted by all robots. The whole structure is called the chain of friendships. In 
[27], potential field navigation is initially proposed. Each component of the task 
such as move to the goal, avoid obstacle, etc, is coded as a separate process that 
outputs a vector indicating which direction the robot should travel. The magnitude 
of each vector indicates the relative importance of the component. The resultant 
vector is used as the final output to command the robot's movement. Multi-robot 
control utilizing potential field methods is also reported in [3]. In this approach, 
robots are drawn to particular attachment sites of other robots. This scheme was 
inspired by how molecules arrange themselves to form crystals. This potential 
field method demonstrated possibility of robot formation maintenance with only 
simple local sensing. 
Behavior-based approaches are flexible, simplistic and do not require a high 
demanding pre-planning process. Besides, the group dynamics contain formation 
feedback by coupling the weightings of the behaviors. There is direct feedback to 
the formation since each agent reacts according to the position of its neighbors. In 
addition, information about the whole environment or the robots themselves is not 
a must in such approach. The disadvantage is that group behavior cannot be 
directly defined. And behavior-based control is difficult to analyze 
mathematically. Therefore, it is difficult to guarantee the stability of the whole 
system and thus the formation of the system during motion cannot generally be 
guaranteed. 
12 
2.3.2 Leader-follower approach 
In leader-follower approach, some robots are assigned as leaders while others are 
followers. The followers track the leaders' position and maintaining a fixed offset 
to the leaders. Leader following is normally reduced to a tracking problem. 
/ 
Stability of the tracking error is shown through standard control theoretic 
techniques. 
In [41], one of the earlier studies on leader-follower approach is proposed to 
discuss formation control laws for multi-robot system. Besides, the leader-
follower approach is also used in ([26], [33] and [44]) on satellite formation 
maintaining in earth orbit. 
Advantage of leader-follower approach is that controllers can be obtained in terms 
of the leader's motion. One disadvantage of leader following is that the motion of 
leader is independent of the follower. Therefore, i f the followers failed to keep a 
small tracking error, the motion of leader wi l l not be adjusted and thus the 
formation is broken. 
2.3.3 Virtual Structure approach 
In the virtual structure approach, the entire formation is considered as a single 
rigid structure with place-holders that represent the desired position for each robot. 
As the virtual structure changes in time, the place-holders trace out trajectories for 
each robot to track. The control can be divided into three steps. First, the desired 
dynamics of the entire formation is derived. Then, the motion of the virtual 
structure is translated into the motion of individual robots. Finally, controllers for 
each robot are derived. Examples include virtual structure architecture [6], 
formation feedback control [46] and simple geometric arrangements [39]. 
In [6], a virtual structure approach for spacecraft formation is presented. The 
approach prescribes formation maneuvers which has stability guarantees. Another 
virtual structure approach is present in [23] which includes formation feedback. In 
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[46], a virtual structure scheme is developed with prescribes formation maneuvers, 
makes stability guarantees and includes formation feedback. 
The advantage of virtual structure approach is that it is relatively easier to 
guarantee the stability of the whole system. Besides, it has provable performance 
and a well-understood design methodology. In addition, feedback to the virtual 
structure is naturally defined. However, it is applicable only when the 
environment is predictable and the performance depends on whether the 
information about the whole environment is present. Besides, high demanding 
pre-planning algorithms for detailed robots' actions is needed. 
2.4 Robot control architectures 
In considering the formation control strategy, we have the three approaches of 
formation maintenance in section 2.1. In terms of robot controlling in hardware, 
we can mainly divide the multi-robot systems into two categories, centralized 
systems and decentralized systems. 
2.4.1 Centralized robot controll ing system 
In the centralized robot control architecture, the actions of the robots are 
computed and decided by a centralized station. The robot itself has no computing 
ability. A l l data sensed by robots or other external sensing components are 
collected by the station for computing and analyzing. 
This kind of systems has the advantage in manipulating multi-robot as a single 
unit and is thus easer to manage the co-operation among robots. Besides, as data 
are centralized, this kind of systems can run some higher-leveled controlling 
theories. However, the centralized controlling typically leads to a high demand in 
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computation and communication. As all data are collected to the centralized 
terminal, the consumption of computing resource is proportion to the number of 
robots involved. Therefore, the number of robots is limited due to the limitation of 
computing resource. Besides, large number of robots causes a dramatic slow down 
of computing process to the whole system. Furthermore, a centralized controller 
would have to be tailored to each formation. I f the number of robots in a 
formation is changed, the team wil l have to transfer to a completely different 
controller. 
2.4.2 Decentralized robot controll ing system 
One typical characteristic of decentralized control system is that there is no 
centralized world information shared by the whole robot team. Each robot can 
decide their own response with only limited local information obtained from 
sensors with limited range. A l l robots use only local sensing and local 
communication for the whole system performance. In [18], it is proposed how to 
achieve global-level formation coordination without providing the robots with 
global knowledge of other robots' position and headings. 
Robots in decentralized control systems have their own computing facilities. They 
are able to analyze the data sensed locally and organize a formation without 
predetermined locations. With the local computing power, robots can work 
independent to the station and to accomplish a task together. The control station is 
no longer a necessary member. By issuing high level commands to robots and 
collecting data for extra analysis, the control station can be treated as a system 
monitor. 
In decentralized local sensing robot systems, the computing process is shared to 
each robot. This highly decreases the workload of the control station. 
Theoretically, in such systems, computing resource consumption is independent to 
robot numbers. With the use of local communication, any new robot can join 
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existing formation with minimum change on its shape. Redefinition of robots' 
positions not required. However, as control is based on robots' own computation, 
the complexity of tasks given to robots is limited. 
Table 2.1 shows the comparison between centralized and decentralized robot 
controlling. 
Centralized Control Decentralized Control 
Better performance Worse performance 
Depends on Formation Independent of formation 
Heavy communication No communication 
Demanding calculation Light calculation 
Difficult to synthesize Easy to synthesize 
Table 2.1 Comparison between centralized and decentralized robot controlling 
2.5 Summary 
In this chapter, three common approaches of multi-robot formation maintaining, 
behavior-based, leader-follower and virtual structure, are discussed. The virtual 
structure and leader-follower approaches require a full state of the leader or virtual 
structure be communicated to each member of the formation. While, behavior-
based approach lends itself naturally to a decentralized implementation. They can 
be implemented with significantly less communication. However, the behavior-
based approach is difficult to analyze mathematically. Therefore, it is difficult to 
guarantee the stability of the whole system and thus the formation of the system 
during motion cannot generally be guaranteed. 
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Leader-following, behavioral, and virtual structure approaches to the formation 
problem have their corresponding strengths and weakness. Some researchers are 
trying to combine these approaches to compromise the weakness and achieve a 
better performance. For example, in [45], the authors are trying to combine virtual 
structure and behavior-based approach. They demonstrate a complete algorithm 
that takes advantage of the best characteristics of both of these approaches. 
Consider the three approaches in terms of robot controlling in hardware, there is 
two main categories of robot control architecture, centralized and decentralized 
robot controlling systems. As a testbed for validating different multi-robot 
formation maintenance theories, our testbed should have an ability to simulate 
different approaches. Therefore, the testbed design should have features for both 
centralized and decentralized systems. 
Both the centralized and decentralized robot controlling systems have their own 
advantages and disadvantages. To compensate to each other, hybrid systems are 
attempted. [45] is one of the examples. In our testbed, the robot features for both 
the centralized and decentralized control, e.g. local communication, robot-station 
communication, local sensing and computing, data collecting, etc., are 
independent. While the robots responding to the locally sensed data, they can also 
send the data to the control panel for further or higher level analysis. Therefore, 
theoretically, this testbed is ready for such hybrid schemes without further 
modification. 
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Chapter 3 ： Wheeled Robot Design 
Our objective is to investigate and develop a multi-robot testbed with high 
flexibility and adaptability for validating different control theories. The design of 
our testbed is based on the two types of robot control architecture, centralized and 
decentralized systems. It is targeted that the testbed is suitable for behavior-based, 
leader-follower and virtual structure approaches. After considering the advantages 
and disadvantages of some related works, our testbed should have the following 
features: 
• Build-in computing device of robots 
• Sensors on robots for local sensing 
• Inter-robot and robot-station communication abilities 
• Exchangeable actuators for different platforms 
• Exchangeable platforms e.g. wheeled robots on land, levitated robots on 
frictionless surface, etc. 
• Flexibility to suit needs in different control theories 
With these concerns, a primary idea of the testbed is given out. Primarily, the idea 
is that there are 3-5 robots running on the working area surface. The robots are 
able to support testing of different multi-robot control theories. The robots can be 
divided into teams and the team should work without losing their inter-robot 
cooperation. Each robot should have its own computing ability. Thus, it can be 
used in both centralized and decentralized systems. Besides local computing 
ability, the robot should have its own communication component. This component 
can be used in both inter-robot communication and robot-terminal communication. 
As different control theories or formation applications have different needs of 
experimental platform. For example, an auto highway need wheeled robots for 
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performance testing, formation maintaining of satellite needs a frictionless 
platform to simulate the situations. Therefore, the working area for the robots 
should be exchangeable. It could be a flat floor for wheeled robots or an air table 
for levitated robots. 
\ 
Besides the robots and the working area, there should be a control station (a 
computer) to give commands to and receives data from the robots. The control 
station can be utilized as a data collecting and computational center for centralized 
robot control systems. For decentralized, the control station can be switched to a 
monitor of the system for high-level commanding. 
To demonstrate the flexibility and adaptability of the testbed, it is decided to 
construct two platforms for) the testbed, i.e. wheeled robot and levitated robot 
platforms. This chapter is mainly focused on the design and experimental results 
of the wheeled robot platform while detailed discussion on levitated robot is in 
Chapter 4. 
3.1 Layer Concept in Robot Construction 
To increase the adaptability of the system, a layer concept is implemented in robot 
design. With this concept, the robot can be divided into three main layers, 
processing layer, sensing layer and actuating layer. This three-part concept helps 
separating the robot components into relative groups. The standardized interfaces 
between different layers increase the capability and flexibility in future 
development of the robot. With such interfaces, it is easier to change the features 
of the robot without affecting other parts of it. The Processing Layer is the core 
part of the robot while the other two layers can be replaced for different needs. 
This advantage makes the development of wheeled robot into levitated robot 
easier. 
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3.1.1 Processing layer 
This layer can be treated as the brain of the robot. Data from the sensor layer is 
first sent to this layer for computing. Then, corresponding signal is than sent to the 
actuating layer to control the motions of robot. This layer also involves the 
communication function of robot with other robots and control panel. 
A. Processing ability 
As mentioned before, each robot should have its own computing device for 
decentralized robot controlling (DC) systems. Therefore, a microcontroller is 
installed to each robot. The microcontroller receives sensors' data or control 
panel's high level commands, and then gives corresponding action commands to 
actuator layer after further computation. 
B. Wireless Communication ability 
For centralized robot controlling (CC) systems robot-terminal communication is 
needed. However, for decentralized robot controlling (DC) systems inter-robot 
communication is also important for command passing among robots for high 
level commands. As this research is targeted on both DC and CC systems, 
therefore, robot should have both types of communication abilities. 
C. Integrated device, MICA MOTE 
To construct the robot which suitable for the requirements, some electronic 
components is needed including, microprocessor for data analysis and hardware 
controlling, RF transceiver for communication and data transfer, socket interface 
for robot programming through computer. At the most beginning, a prototype of 
robot is built with these components. The prototype functions well except that the 
transceiver part is sensitive to noise. Furthermore, due to technical difficulties, the 
structure of the prototype is bulky and week. As the sensor and actuator parts of 
this robot are needed to plug and unplug frequently, an integrated device is 
preferred. As the aim of this research is focused on testbed construction rather 
then electronic design of robots, the MICA MOTE is utilized. Comparing to some 
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other similar devices, the MICA MOTE is smaller in size and simpler to 
implement although it have higher limitation on I/O port numbers. This device is 
designed for setting up a network of sensors with matches the application of this 
testbed. 
_ 
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Figure 3.1 The Crossbow MICA MOTE 
The Crossbow MICA MOTE wireless measurement system is the major 
component of this layer. It is developed by UC Berkeley's research group on 
wireless sensors. The MICA, Figure 3.1，is originally developed for building a 
wireless sensor network. It provides build-in UART and wireless communication 
interfaces with an ATMEGA128L microprocessor and a TRIOOO RF transceiver. 
The microprocessor also provides 8 analog-digital converters for sensor data 
processing. This integrated device highly decreases the size and weight of the 
robot. 
A specifically designed programming language, NesC, is used for programming 
the MICA MOTE. NesC is an extension to the C programming language designed 
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to embody the structuring concepts of TinyOS. Tiny OS is an event-driven 
operating system designed for MICA sensor network nodes that have very limited 
resources. 
3.1.2 Sensing layer 
With the layer concept, different types of sensors can be plug onto the robot for 
different experiments. However, there is a limitation of I/O port number. With the 
Crossbow MICA MOTE unit, there are two free 8 bits I/O ports for hardware 
control. One of them is allocated for controlling the actuating layer and the IR 
emitter. There is only one port left for the sensing layer. This limited the number 
of sensor that can be installed to the robot and thus limited the resolution of the 
data sensed. 
The most important sensor is the distance detection sensor for robots distance 
monitoring and obstacle avoiding. The working range of the system is decided to 
be within 2 meters. This range is too short for phase different or time of travel 
method of distance detection using RF or infrared. In [7], very accurate relative 
positioning is accomplished using ultrasound with time of travel method. The 
system achieves an average bearing error of 1.84 deg and an average range error 
of 0.375 cm, with an 810 cm maximum range. However, the test was only 
performed with two robots. Echo effects and interference may deter performance 
i f more robots are involved. The ultrasonic localization system described in [21] 
suffered from accuracy problems due to these effects. Therefore, intensity-
distance relationship of inferred (IR) signals is used instead of ultrasound. A 
detailed discussion on how to detect relative direction and position of robot is 
discussed later in experiment in section 3.4. Four IR emitters and Seven IR 
sensors are installed around the robot as show in Figure 3.2. The data is sent to the 
processing layer through the ADC input pins of the MICA MOTE. Figure 3.3 
shows the circuit design of the sensing layer. Figure 3.4 is the photo of the 
finished sensing layer. 
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Figure 3.3 Circuit design of the sensing layer 
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Figure 3.4 Sensing layer 




Figure 3.5 Actuating layer 
This is the actuator part of the robot, Figure 3.5. This part includes a L298N DC 
motor driver, 2 DC motors and geared wheels. With the L298N motor driver, the 
speed of the two motors can be controlled individually. The system can be tested 
on flat floor for multi-robot formation controlling with this actuating layer. The 
24 
body of this actuating layer is combined by two parts, Figure 3.6. They are built 
by the rigid-prototyping machine. The PCB layout is showed in Figure 3.7. 




Figure 3.7 PCB layout of actuator layer 
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In Figure 3.8, we can see the detailed structure of the three layers. Figure 3.9 is 
the circuit flow chart of the robot. This shows the operation scheme among the 
electronic components of the three layers. 
Processing MICA 
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, — . . . 
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，r Sensing 
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Figure 3.8 Structures of the three layers 
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Figure 3.9 Circuit flow chart 
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By combining all three layers, Figure 3.10 shows the wheeled robot for our 
testbed. With it several experiments is done for testing the performance of the 
robot. The details of the experimental results are discussed in section 3.4. 
Figure 3.10 Wheeled robot 
3.2 Control Station Setup 
To setup a control station, a MICA MOTE programming board is need. 
Combining with one MICA MOTE, the board can be changed into a wireless 
signal emitter. Commands from computer can then be sent with this through the 
com port. 
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Figure 3.11 Serial Forwarder 
Some open source Java programs are come with the MICA MOTE. One of those 
is called serial forwarder, Figure 3.11. This program is used to forward commands 
to the MICA through Internet. By modifying these programs, a Java program is 
developed as an interface to send commands to the robots. This program can be 
executed in any platform, including Windows and UNIX systems. The program 
changes the commands into messages with a standard structure, see Figure 3.12 
and Table 3.1, and send to robots. Appendix I I shows the detailed command 
structure and lists all the commands with descriptions 
8 8 ^ 8 -- ^ 16 
Seq no. Action Source Hop Cnt. nsample interval destaddr. 
int int uint uint int uint uint 
Figure 3.12 Message structure 
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Name Description Remarks Data Type 
Seq no Sequent number of 8 bit integer 
command 
Action The action of the e.g. start—sensing, 8 bit integer 
command stop—sensing, etc 
Source ID of the source of 0 for control panel and 16 bit 
message other integers for MICA unsigned 
with ID assigned integer 
Hop Cnt Number of forward by 8 bit unsigned 
MICA integer 
nsample Sample numbers parameter of integer 
‘start—sensing’ command 
interval Sampling interval parameter 32 bit 
of ’ start-Sensing’ unsigned 
command integer 
destaddr destination address First 8 bit is ID number, 16 bit 
last 8 bit is team number unsigned 
integer 
Table 3.1 Message structure descriptions 
Figure 3.13 is the main interface of our control station. With the tabs on the top-
left comer, the interface can be changed for different functions. For example, 
there is a robot testing interface. Different commands such as those listed in Table 
3.1 can be sent with this interface. Commands can be chosen with a scroll-down 
list in Figure 3.14. Some commands need extra parameters. The interface can 
automatically change the layout of the interface and allow users to input the 
corresponding parameters, Figure 3.15. This graphical user interfaced (GUI) 
control station program provides a convenience method to control the robots. 
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Figure 3.14 Command selections with GUI 
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Figure 3.15 Parameters setting with GUI 
3.3 Sensor performance 
Before the implementation of different formation control theories on our testbed, 
the sensing performance must be investigated for distance and direction detection 
of the robots. The sensors are the basic formation establishing components. With 
them the robot can find their neighbor and keep their relative position. 
3.3.1 Distance Detection 
To find the sensor performance on distance detection, an IR emitter is posited in 
front of the robot in different ranges. The sensing result is show below in Table 
3.2. Figure 3.16 shows the graph which compares the results of the six tests. The 
graph shows the consistency of the sensors in distance detection. For short 
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distance from 0 to 2-1/2 inches, as the emitter placed too close to the sensors, little 
changes of emitting angle can cause significant changes in reading. Therefore, the 
consistency of sensing has a small drop in this range. Figure 3.17 shows the 
relation between the average reading and distance. 
Distance 
Testing 1 Testing 2 Testing 3 Testing 4 Testing 5 Testing 6 
(inches) 
0" ^ ^ ^ ^ M ^ 
1" 64 64 65 57 60 60 
1-1/2" 58 58 60 54 58 55 
2" 58 56 54 51 54 54 
2-1/2" 48 50 50 50 52 50 
3" 44 44 46 46 48 45 
3-1/2" 39 42 44 40 44 42 
4" 37 40 40 40 41 41 
4-1/2" 32 38 36 36 39 35 
5" 30 34 33 32 36 33 
5-1/2" 27 32 32 29 32 32 
6" 24 28 28 28 30 28 
6-1/2" 22 26 27 24 26 27 
7" 22 24 24 24 26 24 
7-1/2" 19 21 22 21 24 22 
8" 19 22 20 19 22 20 
8-1/2" 16 20 20 18 21 19 
9" 16 18 16 16 20 17 
9-1/2" 12 18 16 16 17 16 
10" 12 16 14 14 16 14 
10-1/2" 11 16 13 12 14 14 
11" 10 14 13 12 14 13 
11-1/2" 10 13 12 12 14 12 
12" 9 11 11 10 12 11 
Table 3.2 Sensor readings in different ranges 
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Figure 3.16 Graphs of sensor readings against distance 
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Figure 3.17 Graph of average readings against distance 
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The graph also shows that the effective distance detection range is about 12 inches. 
For longer range, the sensor can only detect the existence of the robot. As the 
intensity of IR drops in second order with distance, the resolution of sensing drop 
with distance. In the range of 0 to 9 inches, the resolution of distance 
measurement is about ！4 inch. For range between 9 to 12 inches the resolution is 
about Vi inch. 
Please notice that the working distance of the sensor is related to the power supply 
of the emitter. In this test, the input voltage of IR emitter is 1.5 V. The range of 
distance detection can be boosted up to about 3 feet with higher input. 
3.3.2 Direction Detection 
Port 2 
XXX Software notation ^^^^ 
(XXX) ； Hardware nolalion ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
Z Node 2.1 IR1 Node 2.0 
Z (ADC3) (PW5) (ADC4) \ 
/ A Node 3.0 N o d e " 
/ W (ADC2) (ADC5) W \ 
Port 3 〇 〇 Port1 
\ 赢 Node 3.1 Node 1.0 塵 / 
\ W (ADC1) (A0C6) W / 
\ Node 0.0/ IR3 / 
\ 0,1 (ADC7) (PW3) / 
Porto 
Figure 3.18 Sensor position on the sensing layer 
Figure 3.18 is the arrangement of the seven sensors on the robot sensing layer. 
These seven sensors get the IR signal from IR emitter on other robot near it. With 
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simple calibration, the position of the IR emitter, thus the position of other robot, 
can then be estimated. 
Experiment is done to estimate the position detection performance of the robot. In 
this test, an IR emitter is placed in 17 different positions around the robot to get 
17 sets of sensor readings. Table 3.3 shows the results while Figure 3.19 is the 
local coordinate system used in the test. 
Emitter Sensor Position / Sensing angle (degree) 
Reading 
Positions 
set 337.5 22.5 67.5 112.5 180 247.5 292.5 
(degree) 
1 0 ^ ^ 7 4 3 4 
2 22.5 12 28 7 -2 4 5 4 
3 45 1 16 35 -2 10 3 6 
4 67.5 0 0 37 1 6 6 4 
5 90 0 0 33 17 7 8 5 
6 112.5 0 0 17 I 2 9 17 5 7 
7 135 0 0 14 36 29 5 4 
8 157.5 0 0 9 一 17 36 5 8 
9 180 0 0 3 14 36 5 4 
10 202.5 0 0 5 0 32 25 10 
11 225 0 0 1 -1 17 34 16 
12 247.5 0 0 7 -1 10 37 26 
13 270 0 0 5 -2 4 32 36 
14 292.5 0 0 5 -2 4 17 36 
15 315 25 4 7 -2 4 11 30 
16 337.5 28 18 7 -2 4 8 8 
17 360 24 27 6 -2 4 1 4 
Table 3.3 Sets of Sensor Readings in Different IR Emitter Position 
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Port 0(180 deg) 
Figure 3.19 Local coordinate system of robot 
In the first stage, only the maximum reading, highlighted in Table 3.3, is handled. 
The x-factor, y-factor and position angle of the IR emitter can be calculated as 
follow. Table 3.4 shows the calculation result of the test. 
X = A cos (a) (1) 
y = A sin (a) (2) 
e = a (3) 
X： X component of the emitter distance factor 
y: y component of the emitter distance factor 
a： Sensing angle, i.e. position of the sensor with maximum reading 
0: Estimated position of emitter. As only maximum sensor reading is 
handled, 9 is equal to the sensing angle. 




set X y e 6 Error 
1 25.87076 10.70999 ^ 0 ^ ~ 
2 25.87076 10.70999 22.5 22.5 0 
3 13.41323 32.32778 67.5 45 22.5 
4 14.1797 34.17508 67.5 67.5 0 
5 12.64676 30.48048 67.5 90 -22.5 
6 -11.0711 26.80354 112..5 112.5 0 
7 -13.7435 33.27336 112..5 135 -22.5 
8 -36 0.057336 180 157.5 22.5 
9 -36 0.057336 180 180 0 
10 -32 0.050965 180 202.5 -22.5 
11 -13.08 -31.3833 247.5 225 22.5 
12 -14.2341 -34.1525 247.5 247.5 0 
13 13.69048 -33.2952 292.5 270 22.5 
14 13.69048 -33.2952 292.5 292.5 0 
15 11.40873 -27.746 292.5 315 -22.5 
16 25.83651 -10.7923 337.5 337.5 0 
17 24.9468 10.32749 382.5 360 0 
Table 3.4 Calculation Results 
Plotting the results in Table 3.4 with desired results, we obtain the graph in Figure 
3.20. The dashed line represents the desired result. That is the exact position of the 
IR emitter. The black line is the calibrated result. Comparing the lines, it is shown 
that the calculated results can follow the position changes of emitter. With Figure 
3.21, the error in estimating emitter position is also shown. The graph shows that 
the error can be limited to about 士22.5 degrees with the above algorithm. But only 
41.2 % of results are in acceptable range, which is error within 士15 degrees. 
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Figure 3.21 Errors against emitter positions 
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Referring to Table 3.4 and Figure 3.20, there is a discrete property of the 
calculated results. This phenomenon is due to only handling the maximum reading 
of sensors in calibration. With the above algorithm, when using the maximum 
value only, the sensor with maximum reading is treated as the only sensor that 
receives IR signal. As the emitter position is estimated based on the sensor 
position which is separated in 45 degrees, the calculated results thus have an error 
of ±22.5 degrees. 
Emitter Sensor Position / Sensing angle (degree) 
Reading 
Positions 
set 337.5 22.5 67.5 112.5 180 247.5 292.5 
(degree) 
1 0 ^ ^ 7 A 4 3 4 
2 22.5 12 28 7 -2 4 5 4 
3 45 1 16 J 35 -2 10 3 6 
4 67.5 0 0 37 1 6 6 4 
5 90 0 0 33 17 7 8 5 
6 112.5 0 0 17 29 17 5 7 
7 135 0 0 14 36 29 5 4 
8 157.5 0 0 9 17 36 5 8 
9 180 0 0 3 14 36 5 4 
10 202.5 0 0 5 0 32 25 10 
11 225 0 0 1 -1 17 34 16 
12 247.5 0 0 7 -1 10 37 26 
13 270 0 0 5 -2 4 32 36 
14 292.5 0 0 5 -2 4 17 36 
15 315 25 4 7 -2 4 11 30 
16 337.5 28 18 7 -2 4 8 8 
17 360 24 27 6 -2 4 1 4 
Table 3.5 17 Sets of sensor readings in different IR emitter position 
To have more accurate results in position detection, an improved algorithm is devised and used. In 
this algorithm, all effective readings, highlighted in 
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Table 3.5，are handled. Effective readings is defined as all sensors readings near 
the maximum with value larger then 10. The equation is modified as follow and 
the calculated results are shown in Table 3.6 
x = Acos (a) + Bcos (P) + ... (4) 
y = A sin ( a ) + B sin ((B) + ... (5) 
e = AT A N (y/x) (6) 
X，X component of the emitter distance factor 
y, y component of the emitter distance factor 
6, Estimated position of emitter 
A, B.. . , Distance factor. In this case, we use the sensor reading directly as 
the factor. 
a , P...’ Sensing angle 
Reading 
X y 0 Desired Error 
set 
1 48.016341.459411 1.741797 0 1.741797 
2 36.94355 6.084698 9.357539 22.5 -13.1425 
3 28.19652 38.44777 53.77198 45 8.771979 
4 14.1797 34.17508 67.5 67.5 0 
5 6.156779 46.1929 82.44993 90 -7.55007 
6 -21.5561 42.53268 116.8445 112.5 4.344479 
7 -37.3782 46.25066 128.918 135 -6.08197 
8 -42.4899 15.76976 159.6277 157.5 2.127719 
9 -41.3446 12.99698 162.5402 180 -17.4598 
10 -41.6176 -23.025 208.9683 202.5 6.468331 
11 -23.9953 -46.1541 242.562 225 17.56201 
12 -4.34654 -58.199 265.7723 247.5 18.27232 
13 1.379897 -62.8325 271.2131 270 1.213089 
14 7.150482 -48.9869 278.2632 292.5 -14.2368 
15 30.24529 -47.5355 302.4381 315 -12.5619 
16 42.46772 -3.90735 354.7405 337.5 17.24049 
17 47.09239 1.076911 361.3107 360 1.310679 
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Table 3.6 Calculation results 
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Figure 3.23 Calculation errors against emitter positions 
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Plotting the results in Table 3.6’ we obtain the graph in Figure 3.22. The dashed 
line represents the desired result. That is the exact position of the IR emitter. The 
black line is the calculated result. Comparing the lines, it is shown that the 
calculated results are more accurate with the improved algorithm than that using 
the previous algorithm. The discrete property of calculated result is improved. 
Figure 3.23 is the error in estimating the emitters' position. The graph shows that 
the error can be limited within ±20 degrees with the improved algorithm. 
Furthermore, 94 % of results are in acceptable range of within 士15 degrees. And 
about 71 % are within 士 10 degrees. For better performance in position detection, a 
more enhanced algorithm is developed. The details wi l l be discussed later in 
Chapter 5. 
3.4 Experiments, results and discussions 
After the construction of the robot, a serious of experiments has been taken to test 
the performance. Below are the experiments details and testing results. 
3.4.1 Experiment 1 一 Experiment on MICA performance 
A NesC program is written for testing some basic functions of the robot. This is a 
frame program for robot controlling. Figure 3.24 shows the structure of the 
program. This program helps testing the basic functions of MICA including the 
timers, LEDs, sounder, RF transceiver, eeprom, etc. It also tests the robot-robot 
communication and robot-terminal communication abilities. Appendix I I shows 
the command structure and lists all the commands with descriptions. 
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Figure 3.24 Structure of robot program, TESTOI 
In this experiment, The I/O function of MICA in the processing layer is tested. 
Besides, commands are sent to all robots on the working area and check whether 
every robot can received the signals. The communication between robot and 
Station is also tested by sending commands to a specific robot. With the frame 
program, robots are successfully grouped into team(s). In a team, a specific robot 
is set as the team leader while the others are members. The leader is successfully 
forward commands from control station to any other members. 
3.4.2 Experiment 2 - Distance maintaining 
This experiment is mainly used to test the sensing and actuating layers. An IR 
emitter is placed in different positions near the IR receivers around the sensing 
layer of robot. IR intensity data from the 7 IR sensors are changed into digital 
values between 0 and 255. The values are then stored in memory and can be read 
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later. After computation, robot can then move in certain pattern base on the 
readings. 
The objectives of the test are: 
• See i f the distance detection method applicable. 
• Find the distance detection range and resolution 
• Test the data storing and retrieving ability 
• Test connection between layers 
After the experiment, the sensing range of the IR sensors is about 3 - 4 feet with a 1.5V power 
supply. The sensing error is smaller than 1/2 Inch for distance within 2 feet. The data storing and 
retrieving ability of the robot also functions well. The detailed IR readings are read form the robot 
and listed in 
Table 3.7 and 
Table 3.8. The annotation of the sensors is show in Figure 3.25 for reference. 
Experiment 2a: IR emitter towards robot in different directions 
Directions Values (0.0’ 1.0，1.1’ 2.0, 2.1，3.0，3.1) 
At Port 0 58，18，12,3, 1,7,0 
Between Port 0 & Port 1 37, 54, 30, 17, 9, 7, 0 
At Port 1 7，44，47, 9, 8，15，2 
At Port 2 8，14，16, 72,66，13，5 
Between Port 2 & Port 3 15, 8, 15, 18, 54, 44，17 
At Port 3 15, 20, 16, 4, 8,51,67 
Table 3.7 Experiment results 
Experiment 2b: IR emitter towards Port 3 of robot at different positions 
Positions Values (0.0, 1.0’ 1.1，2.0’ 2.1, 3.0, 3.1) 
At Port 3 18’ 14’ 16,3,4, 43’ 65 
Near Port 2 (Result 1) 1,4, 11,8, 3, 15,0 
Near Port 2 (Result 2) 5’ 5’ 12’ 12，3’ 20，0 
Near Port 0 26, 10, 12, 0, 0, 18,60 
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Table 3.8 Experiment results 
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Figure 3.25 Sensors annotation 
3.4.3 Experiment 3 一 Robot tracking 
This program associates the sensor and the actuator layers. The theme of this 
program is to maintain the distance between two robots. The time interval of 
sensing is set at 20 ms. 
The experiment has three phases. Firstly, a robot is placed right in front of a 
stationary IR source to test whether the robot can keep the assigned distance 
between them. Secondly, the robot is placed randomly in front of an IR source and 
test whether the robot can find the source and move to the source. The robot 
should state right in front of the IR source with correct distance and direction. 
Finally, IR source is moved and test i f the robot follow it and keep correct 
distance and direction. 
Results: 
In phase 1，the robot can keep a distance from the IR source with linear motion. 
The error is about 士 1/2 inch. In phase 2, the robot can successfully find its 
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position and state with correct distance and direction. The error is about 士 1/2 inch. 
In phase 3, the robot can follow a moving source with speed about 3 inch/sec. I f 
the source moves faster, the robot may loss its position. Distance error of moving 
robot:〜2-3 Inches. In Figure 3.26, the five photos display how the robot keeps 
distance and direction from the neighbor. 
！郊‘ ^ zx 1 
,Time = Os 誠 \ 
「 ： 2 s T 彈 ? ； 1 ， 
I ^r ‘‘ 泰 
Time = 4s ^ ^ ， ， 
謝 1 
Figure 3.26 Tracking position at different time 
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3.5 Summary 
To increase the flexibility and adaptability of the system, a layer concept is 
implemented in the robot design. With this concept, the robot can be divided into 
three main layers, processing layer, sensing layer and actuating layer. This three-
part concept helps separating the robot components into relative groups. As a 
result, it is easier to change the features of the robot without affecting other parts 
of it. 
Based on the three layer concept, a wheeled robot is successfully designed and 
constructed. The processing layer is utilizing the Crossbow MICA MOTE for data 
analyzing and Wireless Communicating. In the sensing layer, 7 infrared sensors 
are installed around the robot. The inferred intensity sensed is used for distance 
detection and obstacle avoiding. The arrangement of the 7 sensors helps 
estimating the position of neighbors. For robot formation maintenance experiment 
on flat floor, a wheeled actuating layer of robot is constructed. With this we can 
test some basic behavior of the testbed. This actuating layer can be replaced for 
different needs. This makes the development of wheeled robot into levitated robot 
easier. 
With the program installed in the processing layer of robots, robots can be 
addressed by ID numbers. Grouping of robots in teams with leader assigned can 
be achieved with the robot ID. Besides, the inter-robot and robot-station 
communications are also established. 
Experiments are conducted to estimate the performance of the sensors. Sensing 
range of the IR sensors is about 3 - 4 feet with a 1.5V power supply. For distance 
detection, the resolution of distance measurement is about ！4 inch to V% inch. It is 
depends on the sensing distance. With a simple sensing strategy in direction 
detection, 76.5 % of sensing results are in acceptable range of within 士15 degrees. 
And about 60 % are within 士10 degrees while maximum error is limited within 
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±20 degrees. Experiment displays that the robot can successfully keep a distance 
and direction from a moving neighbor with a speed below 3 inch/sec. 
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Chapter 4 ： Levitated Robot Design 
With the layer concept on robot design discussed in Chapter 3, it is relatively 
easier to switch the testbed into a levitated robot platform. As the major 
components are already designed for wheeled robot system, including the 
processing layer, sensing layer, control station and the software need for robot 
controlling, there are only two remained tasks for levitated robot construction. 
They are investigation on how to lift the robots and the design of the new 
actuating layer. 
4.1 Possible methods to lift the robots 
There are two main directions about how to lift the robots. One is to build robots 
with floating ability. The other is to construct a working area which can lift the 
robots on it. Below are some possible solutions. 
The first one is utilizing an air hockey table which is a table with tiny holes on its 
surface. Air flow through the holes and build an air layer under disc-liked objects. 
Objects on it can thus move around smoothly. Discs used in air hockey game are 
relative light in weight. Therefore, for heavier robots, the table must be improved 
with stronger air support. The advantage is that it has nearly 100% duty rate which 
can provide more time for formation control experiments. In addition, as the 
robot-lifting devise is not on the robot, robots are lighter and easer to float. 
However, with air table, the working area is limited by the size of the table. 
Another possibility to lift a robot is using rotary-wings. Like a helicopter, rotary-
wings can be installed at the top of robot and provide a lifting force. Similarly, we 
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can also use a propeller. It can be placed inside the robot and drive air through the 
center of the robot and forms an air layer between the robot and the floor like a 
hovercraft. The advantage of these two approaches is that the robots can be 
operated any where. The working area is nearly unlimited. The disadvantage is 
that more energy is need. As the weight of robot is highly depended on the weight 
of batteries, for higher duty rate, more batteries are needed. And thus increase the 
weight of robot. Furthermore, duty time is limited by battery life. 
Considering the disadvantage of using rotary-wings or propeller, another possible 
solution is using stored compressed air. In this approach an air chamber is 
installed on the robot. With the chamber, compressed air is filled in and released 
through a nozzle at the bottom of the robot. The air jet provides a reaction force to 
l i ft the robot. An air cushion also formed to reduce the friction between robot and 
table. Due to lower power consumption, number of batteries can be reduced and 
thus the weight. Besides, with build-in lifting devise, robots can operate on any 
smooth surface. Nonetheless, the size of robot is highly depended on the chamber 
size. To reach a reasonable operation time, the size of robot becomes large. 
Furthermore, air pressure drops fast as the chamber size cannot be too large for 
lifting. Therefore, the lifetime of such system is relatively short. 
Considering lifetime of the experiment process, ease of robot lifting, weight of 
robots and size of robots, the air table approach is preferred. As those existing air 
hockey tables in the market is not designed for lifting the relatively heavy robots. 
A new designed air table is need. 
4.2 Air table for robot lifting 
To demonstrate a fraction free environment, an air table is used. With the air table, 
an air layer is established between robots and the table surface to reduce fraction. 
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There are 1-inch-separated 1.5 mm diameter holes on the table surface. Jets of air 
are pumped out and lift the robots. A one inch thick aluminium table surface is 
decided to use to prevent bending of the surface. This is too thick to use CNC 
machine to dril l small holes of 1.5 mm diameter. Therefore, the holes should be 
drilled manually using drilling machine. 
About the air supply part of the table, there are two possible choices, air pump and 
compressor. With different air supply, the design of the table would be totally 
different. The possible functions of the table would also be different too. In this 
section, the detailed investigation is shown. 
4.2.1 Table with air pump 
In this design, an air pump is used, Figure 4.1. Referring to Figure 4.2, under the 
table surface, a pyramid-shaped cavity is installed. In [30], an investigation about 
the behavior of floating disc on air table is done. An equation is derived to find the 
relationship between the air output velocity and the mass of floating disc: 
where M is mass of the robot 
g is gravity 
p is density of air 
V is velocity of air out from table 
R is radius of robot 
h is the height of float 
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f ® 
Figure 4.1 Air pump 
Table surface with tiny holes 
Stainless steel supporting 
Frustum-shaped cavity 
Figure 4.2 Air table structure 
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With the above equation, we can estimate the performance of the air table on 
robot lifting. The analysis is done as follow: 
Air: R = 0.2870 (kJ/C*kg*K) 
Per = 3.77 MPa 
T c r = 132.5 K 
For 1 atm (0.1013 MPa), 
P . M i l . 0 . 0 2 6 9 
" P e r 3.77 3.77 
丄=273.15 + 25 =2.2502 
7；, 132.5 
Using the Nelson-Obert generalized compressibility chart, ^ ~ 1 
i.e. air is an ideal gas in 1 atm. 
For ideal gas, with the gas law, specific volume is, 
V 二 E = 0.2870(273.15 + 25) = 0 8 4 4 5 爪 ^ 
P 101.325 
Then density is, 
p = - = \.\U\kglm' 
V 
The pressure force exerted on the disc is, 
,,Tipv^R' UMgh' 
Mg = —"""-~ => v = , — 
s 4h2 ]j TvpR' 
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where M is mass of the robot 
g is gravity 
p is density of air 
V is velocity of air out from table 
R is radius of robot 
h is the height of float 
For an estimated weight of robot 0.3 kg with 0.06 m (6 cm) radius and floating 
with 1*10-3 m (1 mm) above table surface, the required velocity of the air jets is v 
=0.49 m / s (1 atm). And flow rate need is 0.03 m^ / min which is within the 
possible output range of air pump. 





Compressor —? Reseivoii 
Figure 4.3 Block diagram of air table with compressor 
Figure 4.3 shows the structure and components of the air table with compressor. 
Air is compressed by a compressor then stored in a reservoir. The reservoir is used 
as a bias and maintains a continuous supply of air in required pressure. Normally, 
a compressor's duty rate is not 100%. However, an air table is not a closed system. 
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Air flows out to atmosphere continuously. To maintain the operational period, the 
table surface is divided into regions. In each region, nozzles are connected to an 
adjustable valve. The valves only open when needed. This design also allows us 
to control the flow rate of the air in each region. Appendix I I I shows the detailed 
drawing of the table surface. 
The compressor prepared for this testbed is ranged from 1 atm - 8 bar output 
pressure. To estimate a suitable compressor output, the analysis of air flow 
between the robot and the table is done as follow: 
Pressure Output Volume Flow Rate Density Air Jet velocity 
kPa L/min Kg/m^ m/s (1000 holes 
•given by table) 
compressor 
specification 
^ 2.3373 281.38 
300 145 3.5059 229.74 
400 140 4.6746 198.96 
500 135 5.8432 177.96 
600 132 7.0119 162.45 
700 130 8.1805 150.41 
800 128 9.3492 140.69 
Table 4.1 Information of the compressor output 
Table 4.1 shows some data and calculation result of the compressor. Referring to the calculation 
above, the required output velocity is v = 0.49 m / s (1 atm). Checking with 
Table 4.1，it is within the possible output range of the air compressor. However, 
this result is base on an assumption that the output air velocity from the table 
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surface is the same as that from compressor outlet. Due to the viscosity of air in 
the tubing, velocity and pressure of air drop dramatically. 
4.2.3 Comparisons and experiments on the designs 
Comparing the two air table designs, the one using air pump provides a higher 
flow rate and has 100% duty rate. It is more reliable. However, the air flow cannot 
be controlled. With air compressor, valves can be installed to give an extra control 
to the air flow. This helps maintaining an even flow on the whole table surface. 
The disadvantage is that the output flow rate is low. Besides, the duty rate of an 
air compressor is not 100%. To test the performance of the compressor, a 10*10 
cm2 air table prototype was built. It can successfiilly float a 300 g disc of 12 cm 
diameter with about 2 bar output. However, the duty cycle is only about 10 
minutes. Concerning the duty cycle and the reliability of the testbed, air pump is 
used. 
4.3 New actuating layer for the levitated robot 
In this research, the air table approach is preferred to lift the robots. Due to some 
technical difficulties, the air table built is about 800*600 cm^ in size. Thus, the 
size of the robots should be small for the limited working area. Besides, their 
weight should be as light as possible and thus it is easier to make it float. However, 
the separation of the holes on the table is fixed. Therefore, the larger the robot, the 
more holes the robot body covers, thus the stronger the floating force. Another 
concern about the robot weight is the air boundary effect. The vertical flow of air 
from the air table can cause an air boundary effect which affects the motion of 
robots. As the main purpose of the air table is to simulate a frictionless 
environment, this boundary effect should be minimized by limiting the air flow 
rate of the air table. As a result, during the design of the new actuating layer for 
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the levitated robot, the balancing between size and weight is important. Due to the 
limited size and weight of robots, the mechanical and electrical parts of the 
levitated robots should be as simple as possible. 
4.3.1 Possible actuators for robot to move on air table 
Normal Reaction 
Air Flow 
I I I ' I I I I I I Table Surface 
Figure 4.4 Force diagram of the robot 
In this part, the investigation of some possible designs of actuators for linear or 
rotational motion is shown. These are three types of actuators. They are the CG 
switching actuators, mini jets and flywheel. The main idea of CG switching is to 
control the position of the CG of the robot. While floating, shifted CG wil l cause 
the tilt of robot. The incline angle between the robot and the table can then be 
adjusted by changing of CG of robot. Referring to Figure 4.4’ with the vertical air 
flow from the air table, a forward component of normal reaction causes the 
motion of robot. Base on this idea, several prototypes have been developed. Mini 
jets are an improved version of using mini propellers. The idea is to move the 
robot by reaction force with air blows. Flywheel is mainly for the rotational 
motion of robot. By conservation momentum, floating object rotates in opposite 
direction of the flywheel. 
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A. CG switching with mass on folding platform 




Figure 4.5 CG Controlling with mass on folding platform 
In this design, the folding platform helps moving the mass away from the center 
of the robot body. Thus, the CG moves toward the actuator. Figure 4.5 shows a 
robot with this actuator. Totally four actuators wi l l be placed around the robot 
evenly. After testing with the prototype, the motor cannot provide enough force 
for folding the platform with mass on it. Therefore, an improved version is 
designed as shown in Figure 4.6. In this design, a lever system is added with the 
folding platform. After testing, the motor can support the folding action. 
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Platform for mass - . 
Motor 
Figure 4.6 CG controlling with mass on folding platform version 2 
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B, Mass slider 
Instead of folding platforms, sliders are used for mass moving, see Figure 4.7. The 
advantage of using sliders is that the distance change between the mass and the 
robot center is longer. As a result, lighter masses can be used to obtain a same CG 
change comparing with folding platforms. This can help reducing the weight of 
the robots. 
Platform for Mass 
Figure 4.7 Mass slider 
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C. CG controlling with water 
In this design, Figure 4.8, liquid (water) is used as the mass. Liquid mass can slide 
to one side with only a small tilt angle change. To control tilt angle of the water 
container, four cam wheels are used. 
Water 
Fly Wheel 
I ~ 打 ， 4 一 Cam Wheel 
Figure 4.8 CG controlling with water 
D. Flywheel 
For rotational motion of robot a horizontal flywheel is decided to be used. When 
the flywheel rotates, by conservation of momentum, the robot rotates in opposite 
direction. The speed of robot rotation can be controlled by the flywheel speed. 
E. Mini Jets 
The previous design of mini jet is the use of mini propeller. However, after testing, 
the output power of the mini propeller is weak to push the robot. To establish a jet 
flow which is strange enough to push the robot, a pump-liked mini jet, Figure 4.9, 
61 
is designed. The idea is come from the pump of the air table. After testing, this 
actuator can successfully push the robot on the air table. As the weight of this 
actuator is relatively lighter, the output of air table can be lower to minimize the 
air boundary effect, 
Pump-Liked Jet ^^  ^ ^ ^ ^ ^ 
Motoi 
Cover 
Figure 4.9 Mini jet 
4.3.2 Actuator selection 
For CG switching actuators, the mechanism are quite complex. The size and 
weight of the robots is thus difficult to keep in acceptable range. Besides, the 
material (plastic) used to build the robot cannot support the mass moving 
mechanism. I f stronger material is used, for example copper or aluminium, the 
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weight of robot wi l l be too heavy. To support the weight of these robots, the flow 
rate of the air table should be increase. This also increases the air boundary effect. 
Comparing with the CG switching actuator, the mini jet is more suitable with its 
light weight, simple mechanism and high reliability. Combining with flywheel, 
mini jets can provide a three degree of freedom to the robot. Figure 4.10 shows 
the prototype of this actuating layer. The mini jets are used to control the linear 
motions while the flywheel controls the rotational motions of the robot. 
曜 
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Figure 4.10 Actuating layer using mini jets and flywheel 
However, after experiments, it is found that the response time of flywheel is far 
slower than expected, especially on changing the rotate direction of robot. 
Therefore, the arrangement of the mini jets is changed as shown in Figure 4.11 to 
provide a torque force for rotational motion control. In this arrangement, the 
torque effect by two opposite jets is maximized. 
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o 
Figure 4.11 New arrangements of the mini jets 
The arrows in Figure 4.11 show the force directions established by the mini jets. 
With different combinations, the robot can give different type of motions. Detail 
is shown in Figure 4.12 
<: ’ 。 - ^ 一 一 N 4 丨 - 。 " > 4 7 ) 1/ J 、 ; 
Figure 4.12 Motion of the robot in different force combination 
With the new actuating layer, the robot is upgraded into levitated robot 
successfully. Figure 4.13 is photo of the final design of the levitated robot. While 
constructing the levitated robot, improvement of circuit board in sensing layer is 
done. Dual-layered PCB is used to increase the convenience in robot construction. 
Figure 4.14 is PCB layout. 
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Figure 4.13 Photo of Levitated Robot 
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Figure 4.14 PCB layout of sensing layer 
4.4 Experiments, results and discussions 
After the successful development of air table, robot is tested to float on it. And the 
result is positive. The max loading of the air table depends on three factors. They 
are the distribution of the hole on table, robot's base area and output flow rate of 
the air table. For this testbed, the hole separation is fixed as 1 inch. To provide a 
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smooth bottom surface of the robot for floating, standard-sized CD is placed under 
the robot. This is a convenience and effective method to make a smooth bottom 
surface of robot. As a result, the robot size is fixed to 12 cm diameter. The loading 
of the air table is thus depends on the air flow rate of the pump. For a 12 cm 
diameter object, the maximum load of the air table is about 0.75 kg. The weight of 
the robots in this testbed is about 0.3 kg. Therefore, this air table can support the 
robots and allow the robot to move smoothly on it. Figure 4.15 show a photo of a 
floating robot on air table. The next stage is to program the robot and do 
experiments to test the performance of the system. In this chapter, a series of 
experiments and the corresponding results are discussed with the new levitated 
robot. 
Figure 4.15 Photo of robot on air table 
4.4.1 Experiment 1 一 Testing the performance of actuators 
For further improvement in motion control of robots, the performance of the 
actuator is tested. Both the linear and rotational motion behaviors of the robot are 
test in this section. 
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A. Linear motion behavior 
To test the linear motion behavior, the robot is controlled to move forward on the 
air table manually. The initial speed of the robot is 0. As the sensing interval is 
fixed as 0.21 second, by retrieving the sensor data, we can obtain the distance-
time relationship of the robot in linear motion. 
Table 4.2 is the retrieved data. 
Readings Readings Readings Readings Readings 
Time Set 1 Set 2 Set 3 Set 4 Set 5 
^ ^ ^ ^ ^ 
0.42 64 72 68 60 60 
0.63 64 72 68 58 64 
0.84 60 70 68 66 66 
1.05 64 70 68 67 67 
1.26 62 66 65 66 60 
1.47 60 64 62 62 54 
1.68 60 60 56 60 52 
1.89 58 60 50 64 46 
2.1 55 56 40 58 41 
2.31 48 50 34 51 34 
2.52 43 45 30 44 32 
2.73 37 40 34 42 27 
2.94 33 34 32 35 25 
3.15 29 32 30 37 22 
3.36 25 28 22 29 18 
3.57 18 24 19 28 16 
3.78 16 20 16 24 16 
3.99 12 18 16 20 13 
4.2 10 16 12 18 11 
4.41 30 14 9 16 10 
4.62 13 12 10 14 8 
4.83 12 10 8 16 8 
5.04 11 9 6 10 7 
67 
Table 4.2 Sensor data in linear motions of robot 
Distance against Time 
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Figure 4.16 Distance-time graphs of robot in linear motion 
With the average values, Figure 4.16 is the graph showing the distance-time 
relationship of robot in linear motion. With this relation ship, the acceleration of 
the robot can be obtained by, 
c at! 
S = ut + —— 
2 
Ti^ 2S Then, a = — 
In this calculation, only sensor reading larger than 10 is involved. That is distance 
traveled equals to 11 inches. And traveling time equals to 4.2 second. Therefore 
the acceleration is 3.17 cm/s^ 
v> 
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B. Rotational motion behavior 
To test the rotational motion behavior, the robot is controlled to rotate on the air 
table manually. The initial angular speed of the robot is 0. As the sensing interval 
is fixed as 0.21 second, by retrieving the sensor data, we can obtain the angle-time 
relationship of the robot in rotational motion. Table 4.3 is the retrieved data. 
一 —Sensor P o r t i o n (degree) _ __ ！ 
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Table 4.3 Sensor readings in rotational motion of robot 
The highlighted values are the maximum readings of sensors during the rotations. 
The three lines indicate the change of maximum sensor from 0 to 360 degree. This 
shows the number of revolutions during the test. Displayed by Table 4.3, the robot 
make three rotations in 4 seconds. The angular acceleration of the robot can then 
be obtained by, 
a = 2*3*360/42 = 135 degree/s^ 
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4.4.2 Experiment 2 - Movement determination 
This experiment is mainly on testing a new algorithm for determining robot 
reaction to surrounding IR sources. With this algorithm, Robot is supposed to find 
the best direction of motion to keep its assigned distance from IR sources around 
it. The basic idea of the algorithm is to divide the surrounding into several 
sections. Then calculate the corresponding motion response of the robot for each 
section. The resultant motion response can be found by combining all results. 
Referring to the equations (1) and (2) in section 3.3.2, page 34, 
X = A cos (a )——(1) 
y = A sin ( a ) — — ( 2 ) 
A is called the distance factor. In position determining, the sensor readings are 
used directly as the distance factors. To determine the movement of the robot, we 
can use the target different, D, as the factor. For example, i f the target distance of 
the robot is set at 4-1/2 inches from emitter, the target value of the IR sensor 
reading, T, should be kept at 30. Then the distance factor is 30 minus max sensor 
reading, A. Positive value of factor D means that the robot moves towards the 
emitter while negative D means the robot moves away. The equations is now, 
X = D cos (a) ——(7) 
y = D sin (a) - - (8) 
D = T —A -——（9) 
e = AT AN (y/x) -——(10) 
X，X component of motion vector 
y, y component of motion vector 
D, Distance factor 
T, Target sensor reading 
A, Maximum reading of sensors 
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6, direction of motion 
a , Sensing angle of maximum reading of sensors 
The factor D can be used as the speed of the robot while x is its x-component and 
y is its y-component. 6 is the movement direction. 
Below is an example to explain the idea. Figure 4.17 is the example situation. In 
this situation, two IR sources are placed near the robot. This robot is assigned to 
keep distance form IR source at about 10 cm. In this distance, the sensor reading 
is around 40. One IR source is at position A (30 degree, 10) while the other at B 
(180 degree, 8 cm). In this case, robot should keep distance to A and move away 
from B. Table 4.4 shows the calculation to find the resultant direction of 
movement. 
IR signal \ 
\ Port 2 (0 dcg) 
Port 3 {9(Wcg) Y ^ 1 Port I (270 dcg) w 
Port 0 ( 1 8 0 dcg) 
IR signal 
Figure 4.17 Diagram of example situation 
Section f o 1 2 3 4 5 6 
Angle (degree) 0 ^ 120 150 ^ ^ ^ 
Sensor Node 0.0，0.1 1.0 1.1 2.0 2.1 3.0 3.1 
Example Reading -50 -20 0 -30 -40 -30 〜20 
Direction Factor* +10 x 2 -20 0 -10 0 -10 -20 
x-component 1 0 x 2 -10 0 8.66 0 5 -10 
y-component 0 -17.32 0 -5 0 8.66 17.32 
* -ve represent attractive motion. In this example, 40 is the expected sensor value. 
Table 4.4 Table of calculation 
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In the above example, the resultant direction of movement can be calculated by 
combining the components in all sections, i.e. x = 13.66，y = 3.66, 6 = 15.00 deg. 
This is the expected result. 
Table 4.5 shows the actual sensor readings from experiments and corresponding 
calculation result of movement determination. 
Emitter 
Reading Max. 
Positions D x y 0 Desired 0 Error 
set reading 
(degree) 
1 0 ^ 2 1.8479 0.764999 ^ 0 ^ ^ 
2 22.5 28 2 1.8479 0.7649 22.5 22.5 0 
3 45 35 -5 -1.916 -4.6182 247.5 225 -22.5 
4 67.5 37 -7 -2.682 -6.4655 247.5 247.5 0 
5 90 33 -3 -1.149 -2.7709 247.5 270 22.5 
6 112.5 29 1 -0.381 0.9242 112.4087 112.5 0.0912 
7 135 36 -6 2.2905 -5.5455 292.4087 315 22.5913 
8 157.5 36 -6 5.9999 -0.0095 359.9087 337.5 -22.4087 
9 180 36 -6 5.9999 -0.0095 359.9087 360 0.0912 
10 202.5 32 -2 1.9999 -0.0031 359.9087 382.5 22.5913 
11 225 34 -4 1.5388 3.6921 67.4087 45 -22.4087 
12 247.5 37 -7 2.6929 6.4612 67.4087 67.5 0.0912 
13 270 36 -6 -2.2817 5.5492 112.3174 90 -22.3174 
14 292.5 36 -6 -2.2817 5.5492 112.3174 112.5 0.1825 
15 315 30 0 0 0 nil nil 0 
16 337.5 28 2 1.8454 -0.7708 337.3174 337.5 0.1825 
17 360 27 3 2.7718 1.1474 22.5 0 -22.5 ！ 
Table 4.5 Calculation result of movement determination 
Figure 4.18 compares the calculated movement direction with the desired 
direction. The result is acceptable. The error is kept within 士22.5 degrees, Figure 
4.19. Wi th this calculation method, only one sensor reading is handled. With the 
same reason mentioned in section 3.3.2, the discrete property is due to only 
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handling the maximum reading of sensors in calibration. When using the 
maximum value only, the sensor with maximum reading is treated as the only 
sensor that receives IR signal. As the emitter position is estimated based on the 
sensor position which is separated in 45 degrees, the calculated results thus have 
an error of ±22.5 degrees. 
Results Comparison 
450 1 
^ 〜 * — Calculation 
400 
___ • - ~•——Desired 
135。 — 『 7 ^ ^ ^ r—— 
•§ 300 — V /-\ 
2 100 -/ y- j \— 
- 士 -
0 ——,——, , , ,——, , ,——,——,——,——. ——r-i^-l 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Testing Number 
Figure 4.18 Graph of result comparison in direction determination 
Calculation Error 
2 5 
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- 2 0 • — — 
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- 2 5 -L 
Testing Posistion (degree) 
Figure 4.19 Graph of calculation error in direction determination 
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4.4.3 Experiment 3 一 Maintaining position on air table 
Distance against Time 
j 
: : : : . : : : : : : = 二 : = : : = 二 二 ^ ^ 
_ — — — \ _ 一 
r — 7 
0) Q — _ / 
1 6 7 . 
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Figure 4.20 Result of distance maintaining 
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Figure 4.21 Result direction maintaining 
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After finishing the sensing algorithm, it is apply to the robot in distance and 
direction maintaining. However, the result is not as successful. The robot loses it 
position in seconds. Figure 4.20 and Figure 4.21 shows the result of the 
experiment. The robot is assigned to keep the distance at 4-1/2" (sensor reading 
30) from an IR emitter. Referring to Figure 4.20 and Figure 4.21, the robot tried to 
keep its direction in the first three second. After that, the robot moves towards to 
obtain a target distance. It loses its direction while moving forwards. At about 4.8 
second, the robot tried to turn back to original direction. However, it loses its 
position after 6 second. 
Experiments show that it is difficult to prevent the self rotation of robot while 
position maintaining in this stage. There are mainly two reasons of why the robot 
kept on rotating. Firstly, the calibration on direction detection is not accurate 
enough. As the rotational motion of the robot is mainly depends on the direction 
detected from sensors, errors in this process can cause unpredicted rotation of 
robot. The second reason is that the angular acceleration produced by the actuators 
in robot motion is relatively too large, about 135 degree/s . For a floating robot in 
a nearly frictionless environment, small external force is able to cause a relatively 
large motion. As a result, the robot has a difficulty in reaching a precise position 
with such actuator. To solve these problems, an improvement work on position 
detection is need. A new calibration method should be developed to minimize the 
errors. For the problem from the actuators, a motor speed controlling function 
should be added in the program. 
4.5 Summary 
To achieve a frictionless environment for multi-robot formation control, a 
levitated robot system is designed and constructed. An air table is utilized to lift 
robots in this system. This air table is successful to support 0.3 kg robots of 12 cm 
75 
diameter. For a 12 cm diameter object, the maximum load of the air table is about 
0.75 kg. With the layer concept proposed in Chapter 3, the construction of 
levitated robot is simplified as only changing the actuating layer of robots. The 
new robots use mini jets as actuators for both linear and rotational motion. 
Previously, the distance and direction detection process are separated. To simplify 
the algorithm of robot control, a new movement determining method is developed 
to combine the distance and direction detection process. However, the levitated 
robot is not as successful in position maintaining experiments. The robot can only 
keep its position for seconds. To solve the problem, two approaches are proposed. 
The first one is to develop a more accurate calibration method for position 
detection. The other is to adjust the performance of the actuators. 
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Chapter 5 ： Improvement of Position Detection 
Infrared (IR) sensor is utilized in our system for position detection. The sensor 
receives IR signal from other robots and obtain the intensity-distance relationship 
of the signal source. This intensity-distance relationship is then used to estimate 
the distance between the sensor and the emitter and thus the distance between two 
robots. Besides the distance detection, the relative direction between robots is also 
obtained by this IR sensor. To do this, 4 IR emitters and 7 IR sensors are installed 
around the robot as show in Figure 5.1. Each sensor has its effective sensing range. 
With this arrangement, 360 degrees of sensing range is obtained. 
Port 2 
XXX : Software notation • ' ' — ' • 
(XXX): HardWArftiio(Atlon C Z ^ 
Z Node 2.1 IR1 Node 2.0 
Z (ADC3) (PW5) (A0C4) \ 
/ 塵 Node3.0 Node “ 
/ W (ADC2) ( A D C 5 )琴 \ 
P。"3 〇 丨 〇 P°r 丨 1 
\ 鱼 Node 3.1 Node 1.0 赢 / 
\ W (ADC1) (A0C6) W / 
\ Node 0.0/ IR3 / 
\ 0.1 (ADC7) (PW3) y Z 
P o r t o 
Figure 5.1 Sensor arrangement 
Theoretically, the more the sensors installed, the higher the resolution of direction 
detection. However, due to limitation of hardware, only 7 sensors can be installed. 
To minimize errors and improve the resolution of position detection, different 
calibration methods are investigated in this chapter. 
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5.1 Direction detection 
Experiment is done to collect a series of sensing data. In this Experiment, an IR 
emitter is placed in 17 different positions around the robot to get 17 sets of sensor 
readings. Table 5.1 is the data collected while Figure 5.2 is the local coordinate 
system of robot. The maximum readings are highlighted. In this section, different 
calibration approaches are applied to these data to illustrate the accuracy of the 
approaches. 
Emitter 
Reading Sensor position: sensor no. / sensing angle (degree) 
Positions 
set 2.0/ 2.1 / 3.0/ 3.1 / 0.0,0.1 1.0/ 1.1 / 
(degree) 
337.5 22.5 67.5 112.5 / 180 247.5 292.5 
1 0 ^ ~ ~ W 7 4 3 4 
2 22.5 12 28 7 -2 4 5 4 
3 45 1 16 35 屬 - 2 10 3 6 
4 67.5 0 0 37 1 6 6 4 
5 90 0 0 33 17 7 8 5 
6 112.5 0 0 17 29 17 5 7 
7 135 0 0 14 36 29 5 4 
8 157.5 0 0 9 17 36 5 8 
9 180 0 0 3 14 36 5 4 
10 202.5 0 0 5 0 32 25 10 
11 225 0 0 1 -1 17 34 16 
12 247.5 0 0 7 -1 10 I 37 26 
13 270 0 0 5 -2 4 " 32 36 
14 292.5 0 0 5 -2 4 17 36 
15 315 25 4 7 -2 4 11 30 
16 337.5 28 18 7 -2 4 8 8 
17 360 24 27 6 -2 4 1 4 
Table 5.1 17 Sets of sensor readings in different IR emitter position 
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Port 2 (0 deg) 
Port 3 (90deg) Y Port 1 (270 deg) w 
Port 0(180 deg) 
Figure 5.2 Local coordinate system of robot 
5.1.1 One reading approach 
The most basic approach in direction detection is only handling the maximum 
sensor reading. In this approach, we assume the IR signal is exactly in front of the 
corresponding sensor with maximum reading. The resolution of sensing is directly 
proportion to number of sensor. The maximum error is half of the separation of 
two sensors. In our robots, sensors are separated in 45 degrees. Thus, the error of 
measurement is within ±22.5 degrees. With this approach, only 67% of result is 
within the acceptable range of 士15 degrees. 
5.1.2 Three readings approach 
Another approach is to handle the sensor with maximum reading together with its 
two adjacent sensors. The equation involved is: 
X = A cos (a) + B cos (P) + C cos (y) 
y = A sin (a) + B sin (P) + C sin (y) 
e = AT AN (y/x) 
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X, X component of the emitter distance factor 
y，y component of the emitter distance factor 
6，Estimated position of emitter 
A, B, C, Distance factor. In this case, we use the sensor reading directly as 
the factor. 
a, P, Y, Sensing angle 
With this approach, the same sets of data above are calculated. And the average 
error is about 7.25 degrees with standard deviation of 4.48. The accuracy is well 
improved that 94% of result is within the acceptable range of ±15 degrees. 82% is 
within 士10 degrees. 
5.1.3 Effective readings approach 
To minimize the calculation time, a modification of this approach is done. 
Referring to Table 5.1，not all the adjacent sensors have effective reading, that is a 
reading value of higher than 8. The amount of calculation can then be minimized 
by eliminating those ineffective factors. Calculating with the same data, the 
average error is about 7.03 degrees with standard deviation of 5.34. 94% of results 
are in acceptable range of within 士15 degrees. And about 71% are within 士10 
degrees. There is a small drop in accuracy. But, in terms of computation resources, 
this method helps saving the calculation time. 
5.1.4 Imaginary sensor approach 
In this approach, there is an imaginary sensor which is pointing towards the IR 
source. By finding the position of this imaginary sensor, the position of the IR 
source is obtained. Besides, the reading of the imaginary sensor can also be used 













Figure 5.3 Relation between IR source S and sensor R 
Referring to Figure 5.3, an IR source is located at ^ about a sensor R with 
distance d. The actual reading of the sensor R is r which is equal to the reading of 
a relevant source pointing directly to R. The distance between S、and R is d、. 
Assuming that location of S is a projection of S\ Then, the relation between d and 
cT is, 
With an imaginary sensor R、that is pointing to S, we have an imaginary sensor 
, 1 rcc — 
reading r、for distance d. As d , we have, 
— ^ = 
r = r'cos'6> ......(7) 
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The equation (7) is the relation between actual sensor reading r and the imaginary 
sensor reading r、. Experimental results show that the assumptions stated above are 
valid. This equation can then be used in the calibration of robot direction. 
In the imaginary sensor approach of direction detection, two adjacent sensors are 
used. Figure 5.4 shows the relation between an IR source S and two adjacent 
sensors R\ and R2 on the robot. S is the projection of for the two sensors Si and S2. 
The separation angle between the sensors is 2p. With the configuration of the 
robot, P is 22.5 degrees. The corresponding readings of Ri and R2 are ri and r〗 
Figure 5.4 between IR source S and two sensors RI and R2 on the robot 
With equation (7), we have, 
r, =r'cos\j3 + e) 
厂2 =r'cos\j3-6) 
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V ^ + ^ = - [ ? (cos(y0 一 6>) + COS(/? + 0)) 
= c o s / ? c o s ^ 
- ^ = yf? (cos(/?-0)-COS(y5 + 60) 
=2-\fr^ smj3 sin 0 
Let 




Where the direction of IR source S is the sum of the sensing angle and ^ . The 
sensor reading of the imaginary sensor is f . 
Applying this imaginary sensor approach on the same data collected in Table 5.1, 
the average error is about 6.11 degrees with standard deviation of 5.36. 94 % of 
results are in acceptable range of within 士15 degrees. And about 88 % are within 
士10 degrees. The direction detection performance is well improved with this 
approach. Figure 5.5 to Figure 5.8 are the graphs showing the results comparisons 
with the desired results utilizing each calibration approach. In Figure 5.9, the 
calibration errors of difference approaches are plotted for comparison. 
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Results Comparison - One Reading Approach 
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Figure 5.5 Comparison of calibrated results of the one reading approach with the desired ones 
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Figure 5.6 Comparison of calibrated results of the three readings approach with the desired ones 
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Figure 5.7 Comparison of calibrated results of the effective readings approach with the desired 
ones 
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Figure 5.8 Comparison of calibrated results of the imaginary sensor approach with the desired ones 
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Calibration Error - One Reading Approach 
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Figure 5.9 Calibration errors of difference approaches 
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5.2 Distance Detection 
The basic method in distance detection is handling with the maximum reading of 
the 7 sensors. To illustrate the performance of this method, a series of readings in 
different distances are recorded to check the consistency. Table 5.2 list the data 
recorded. 
Distance Testing 3 T e s t i n g 4 T e s t i n g 5 
(inches) Testing 1 Testing 2 Testing 6 
0" ^ ^ ^ ^ ^ 62 
1" 64 64 65 57 60 60 
1-1/2" 58 58 60 54 58 55 
2" 58 56 54 51 54 54 
2-1/2" 48 50 50 50 52 50 
3" 44 44 46 46 48 45 
3-1/2" 39 42 44 40 44 42 
4" 37 40 40 40 41 41 
4-1/2" 32 38 36 36 39 35 
5" 30 34 33 32 36 33 
5-1/2" 27 32 32 29 32 32 
6" 24 28 28 28 30 28 
6-1/2" 22 26 27 24 26 27 
7" 22 24 24 24 26 24 
7-1/2" 19 21 22 21 24 22 
8" 19 22 20 19 22 20 
8-1/2" 16 20 20 18 21 19 
9" 16 18 16 16 20 17 
9-1/2" 12 18 16 16 17 16 
10" 12 16 14 14 16 14 
10-1/2" 11 16 13 12 14 14 
11" 10 14 13 12 14 13 
11-1/2" 10 13 12 12 14 12 
12" 9 11 11 10 12 11 
Table 5.2 sensor readings in different ranges 
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Sensor Readings against Distance 
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Figure 5.10 of maximum sensor readings against distance 
Sensor Readings against Distance 
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Figure 5.11 Graphs of sensor readings against distance with imaginary sensor approach 
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Figure 5.10 shows the graph which compares the results of the tests. The graph 
shows that the consistency of distance detection using maximum reading is not 
good enough, especially in range between 0 to 2 inches. 
Another distance detection approach is the imaginary sensor approach proposed in 
section 5.1. The approach is imagining the presence of a sensor which is pointing 
directly to the IR source. With this approach, the sensor reading of the imaginary 
sensor can be illustrated and used in the distance detection of that IR source. 
Figure 5.11 shows the graph which compares the results with the imaginary 
sensor approach on the data in Table 5.1. The consistency of distance detection is 
improved, especially for distance range from 2 to 7 inches. And there is a well 
improvement in range from 0 to 2 inches comparing with distance detection only 
using the maximum readings. 
5.3 Experimental Results 
After modified the control program of the robot with the improved position 
detection approach, an experiment is done to test the position maintaining ability 
of the levitated robot. In this experiment, an IR emitter is placed at a fixed point. 
A robot is placed in front of it and maintain an allocated position and heading 
towards the IR source. Figure 5.12 show a levitating robot without control. In this 
case, the robot cannot maintain its position. Due to the uneven air flow of the air 
table and the error in table horizontal level, the robot start to lost its distance from 
the IR emitter after 2 second. At the second, the robot lost its direction too. 
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Figure 5.12 Robot motion on air table without control 
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With the improved position detecting method, the robot is able to keep its distance 
and direction from an IR source, see Figure 5.13. 
i Time = Os I Time = 2 s I ^ ^ ^ f i J ^ 
丄二“... 丨一 •、~?>iV?MMBi>iLLA:-......••:.. ~ ~ ' i i i i H H I i 
Figure 5.13 Robot motion on air table with improved position detection method 
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5.4 Summary 
Motivated by the motion errors of levitated robot, investigation of reliable 
position calibrating methods is done in this chapter. The four different approaches 
on direction detection are discussed. They are the one reading approach, three 
readings approach, effective readings approach and the imaginary sensor approach. 
With the one reading approach, only the sensor with maximum reading is handled. 
This is the most simple and fastest method. However, its reliability is highly 
depends on the number of sensors installed. Due to limitation of hardware, on our 
robots, only 7 sensors are installed. This approach is thus not suitable in our 
system. To improve the reliability, three sensor readings are handled in the three 
readings approach. As more data is involved, the accuracy is well increased. The 
percentage of acceptable results is increased from 67% to 94%. To simplify the 
calculation process for shortening the time of computation, a modified version of 
the three readings approach is developed by eliminating some ineffective sensor 
readings. The accuracy of this effective readings approach is just dropped gently 
comparing with the three readings approach. Finally, an imaginary sensor 
approach is developed. This is the most accurate one among the four methods. 
94% of the results in experiment were within an acceptable error range. About 
80% of results were around 士5 degrees, which is a relatively good result in 
direction detection. 
The imaginary sensor approach can also be used in distance detection. With this 
approach, the consistency in distance detection is improved comparing with the 
approach of handling the maximum reading. With the new position detection 
method, the stability of the levitated robot is improved. Experiments show that the 
improvement in accuracy of position detection helps maintaining the position of a 
levitated robot. 
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Chapter 6 ： Conclusions and Future work 
In the investigations on multi-robot control for formation establishment and 
maintenance, simulation of control theories is important to validate their behavior 
and applicability in actual cases. Different theories have different needs to the 
testbed for experiments. As a result, a multi-robot testbed with high flexibility and 
adaptability was developed in this research. To help validating the three main 
approaches of multi-robot formation control, including the behavior-based, the 
leader-follower and the virtual structure approaches, a testbed with both 
centralized and decentralized control features was constructed. 
In this thesis, robots with local sensing, local communicating and self-computing 
abilities was successfully designed. These abilities allowed the robots to sense 
their surrounding information such as relative distance and direction to others and 
gave a corresponding motion response. With an ID assigning function, the robots 
could also form teams with leaders. Robots were able to forward or create 
commands to the others with inter-robot communication using the ID numbers. 
Besides, for centralized formation control approaches such the leader-follower 
and the virtual structure approaches, the control station provided an interface for 
centralized control of robots. Predefined trajectories could be assigned to robots 
through the robot-station communication established. 
A testbed with two different platforms was constructed. They were the wheeled 
robot system on flat floor and the levitated robot system on an air table. To 
increase the flexibility and adaptability of the system, a layer concept was 
implemented in the robot design such that the features of robots were 
exchangeable for any platforms. 
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In the wheeled robots platform, two robots were built for testing. They were able 
to locate their neighbor and kept an assigned position offset with it. A simple 
formation could be established. In the experimental stage, although the formation 
could be maintained, it was unstable in the movements of the whole format. It was 
easy to loss formation i f the leading robot moved faster than 3 inch/sec. 
For the levitated robots platform, the main feature was the use of an air table to 
establish a frictionless environment. Experiments displayed that the air table was 
able to lift 0.3 kg robots of 12 cm diameter. The maximum load of the air table 
was 0.75 kg. One of the main advantages of utilizing an air table is the high duty 
rate of nearly 100 %. Besides, the mini jet actuators allowed the robots to move 
smoothly on the air table. Both the linear and rotational motion of the robots could 
be controlled with these actuators. The original concept was that simulation of 
robots formation control on air table could be started after construction of the 
levitated robots. In fact, the stability of robot on air table was lower then what we 
had originally anticipated. For wheeled robots, the initial state of system was 
stable. But for levitated robot, the initial state was highly random and unstable. 
With the basic sensing algorithm and simple case switching programming, the 
levitated robot was not as successful in position maintenance due to the 
unexpected self rotation of the floating robots. Therefore, before controlling the 
motion of robot for position maintenance, we had to first stabilize the initial state 
of system. The main reasons of the unceasing rotations were found. The first one 
was that the calibration on direction detection was not accurate enough. The 
second one was that the force actuators were too large for precise motion on 
frictionless environment. To overcome the sensing error of position detection, 
works were done on with the 7 IR sensors. A speed controlling algorithm was also 
added to provide a more precise output of the actuators. 
Four different approaches in position detection were developed during the 
investigation of the calibration methods. They were the one reading approach, the 
three readings approach, the effective readings approach and the imaginary sensor 
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approach. Each approach had its own advantages and disadvantages. For our 
system, the imaginary sensor approach is the most suitable one. The accuracy in 
direction detection using such approach was well improved to only 士5 degrees 
errors. 
Ti l l this stage, the hardware development of both the wheeled and levitated robot 
platforms was completed. The formation maintenance function of the testbed was 
tested with a simple behavior-base control. Experiments displayed that for 
wheeled robot, this behavior-base control was applicable. However, for the 
levitated robot, the accuracy of sensors and actuators was not good enough with 
such control methods. The issues just described had motivated further works on 
hardware improvement and program development. 
With the new calibration methods in position detection discussed in Chapter 5, the 
control of the levitated robot is improved. After the implementation of imaginary 
sensor approach, the robot can successfully maintain its distance and direction 
from an IR source. However, experiment shows that the time of maintenance is 
still limited. This is not good enough for maintaining the shape of a group of 
robots. 
For further development, more data should be retrieved from local sensing. Due to 
hardware limitation, the I/O port of the processing layer was limited and only 7 IR 
sensors could be installed. Redesign of robot circuits, e.g. adding encoders, may 
helps increasing the maximum number of IR sensors. Besides, in the present 
design, the IR sensor was distributed evenly around the robot. Sensors 
arrangement can be change to focus on the front part of robot and increase the 
direction detection accuracy within that range. Furthermore, different kind of 
sensor can also be installed to gather more types of information for position 
detection. For monitoring purpose, a testbed positioning system may be installed. 
Vision system and IR sensors array around the testbed are two of the possible 
solutions. Besides, some other formation control theories, such as leader-follower 
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and virtual structure, can also be tested. It is hoped that these suggestions of 
improvement leads to further investigations and finally a perfect testbed for multi-
robot formation control is achieved. 
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Appendix I 
Circuit schematics of the wheeled robot 
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Appendix II 
Robot controlling Commands: 
start—sensing [sample] [interval] 
Start sensing with the photo diode in the sensor board. The no of samples and the 
sensing interval can be set by the last two parameters in the command line. 
stop—sensing 
Stop the sensing process. 
yellow_on 
Switch the yellow led on the MICA on. 
yellow_off 
Switch the yellow led on the MICA off. 
set-leader [ID] [team] 
Set a MICA as a team leader. The parameter ‘ ID’ is the ID number of the MICA. 
The parameter 'team' is the team number. 
set—member [ID] [team] 
Set a MICA as a team member. The parameter ‘ ID’ is the ID number of the MICA. 
The parameter 'team' is the team number. 
team_yellow_on [team] 
Send a 'yellow led on' command to the team leader. Then the leader forwards the 
command to other members in the same team. 
98 
get—reading [ID] [line] 
Get the recorded sensor readings in the memory. The parameter ' ID' is the ID 
number of the MICA. The parameter 'line' is the data line number in the memory. 
radio_quieter 
Decrease the RF power in wireless communication. 
radio_louder 
Increase the RF power in wireless communication. 
member_yellow_on 
This command is given out by a team leader to other members after receiving the 
team_yellow_on command. 
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